Shelley DA, Puckett JL, George SC. Quantifying proximal and distal sources of NO in asthma using a multicompartment model. J Appl Physiol 108: 821-829, 2010. First published January 21, 2010 doi:10.1152/japplphysiol.00795.2009 is detectable in exhaled breath and is thought to be a marker of lung inflammation. The multicompartment model of NO exchange in the lungs, which was previously introduced by our laboratory, considers parallel and serial heterogeneity in the proximal and distal regions and can simulate dynamic features of the NO exhalation profile, such as a sloping phase III region. Here, we present a detailed sensitivity analysis of the multicompartment model and then apply the model to a population of children with mild asthma. Latin hypercube sampling demonstrated that ventilation and structural parameters were not significant relative to NO production terms in determining the NO profile, thus reducing the number of free parameters from nine to five. Analysis of exhaled NO profiles at three flows (50, 100, and 200 ml/s) from 20 children (age 7-17 yr) with mild asthma representing a wide range of exhaled NO (4.9 ppb Ͻ fractional exhaled NO at 50 ml/s Ͻ 120 ppb) demonstrated that 90% of the children had a negative phase III slope. The multicompartment model could simulate the negative phase III slope by increasing the large airway NO flux and/or distal airway/alveolar concentration in the well-ventilated regions. In all subjects, the multicompartment model analysis improved the leastsquares fit to the data relative to a single-path two-compartment model. We conclude that features of the NO exhalation profile that are commonly observed in mild asthma are more accurately simulated with the multicompartment model than with the two-compartment model. The negative phase III slope may be due to increased NO production in well-ventilated regions of the lungs. nitric oxide; heterogeneity; sensitivity; phase III slope NITRIC OXIDE (NO) is a free radical present in exhaled breath and is thought to be a marker of inflammation in the lungs (3, 21). Exhaled NO can be elevated in inflammatory diseases, such as asthma, and is reduced after treatment with inhaled corticosteroids (ICS) (17). These observations have generated significant interest in the clinical use of exhaled NO as a noninvasive marker to diagnose and monitor the progression of inflammatory diseases.
NITRIC OXIDE (NO) is a free radical present in exhaled breath and is thought to be a marker of inflammation in the lungs (3, 21) . Exhaled NO can be elevated in inflammatory diseases, such as asthma, and is reduced after treatment with inhaled corticosteroids (ICS) (17) . These observations have generated significant interest in the clinical use of exhaled NO as a noninvasive marker to diagnose and monitor the progression of inflammatory diseases.
Elevated NO in asthma has been traditionally attributed to inflammation in the proximal airways; however, recent evidence highlights the importance of peripheral regions (e.g., respiratory bronchioles) in inflammation (13, 18, 19) . Elevated peripheral NO has been associated with increased symptoms and can be resistant to ICS (13) . When NO is measured at the mouth during exhalation, the only way to distinguish between the proximal and peripheral NO sources is through a mathematical model. The two-compartment model of NO exchange is a relatively simple, yet powerful, tool to partition the NO signal into proximal (large airways) and distal (small airways and alveoli) components (10, 32, 33, 43, 44) . The two-compartment model separates the lung into a rigid trumpet-shaped airway region characterized by a constant NO production (or flux of NO from the airway wall surface) and an expansile distal airway/alveolar region characterized by a steady-state NO concentration. This model has been used to estimate proximal and distal NO sources in healthy subjects as well as numerous disease states, including asthma (13, 27, (35) (36) (37) (38) (39) 42) .
Because of the single-path nature of the two-compartment model, there are inherent limitations in describing lung diseases such as asthma. The ventilation patterns in asthma are patchy and bimodal, with well-ventilated regions and poorly ventilated defect regions (45, 46) . Our group recently developed the multicompartment model to account for regional heterogeneity in ventilation and NO production by adding a single branch point to the two-compartment model (41) . Hence, the multicompartment model can simulate serial (or longitudinal) and parallel heterogeneity in ventilation and NO production and, thus, potentially provide a more accurate description of features in the exhaled NO profile that are not accounted for in the two-compartment model, such as a sloping phase III region (41) . The improved accuracy is achieved at the cost of introducing additional free parameters, which can limit identification of the parameter space.
Our objective in the present study is to apply a rigorous sensitivity analysis to the multicompartment model and identify a subset of input parameters with a significant impact on model outputs, such as exhaled NO concentration and the slope of the phase III region. This information can be used to analyze experimental exhaled NO profiles of children with mild asthma, with the goal of assessing the potential of the multicompartment model to describe regional heterogeneity in NO production.
Glossary

␣
Fraction of the total cross section at the branch point in the multicompartment model assigned to compartment 1 A i (z)
Total cross-sectional area of the airway at location z in compartment i (i ϭ 0, 1, 2) (cm
Partial rank correlation coefficient in Latin hypercube sampling multiple linear regression CA NO Mean steady-state alveolar NO concentration for the two-compartment or the multicompartment model (ppb) CA NO,i Steady-state NO concentration in alveolar compartment i of the multicompartment model (i ϭ 1, 2) (ppb) 
Initial flow (t ϭ 0) in airway compartment i
Airway volume in compartment i (i ϭ 0, 1, 2) (ml) Vex Cumulative exhaled volume (ml) Y LS 95% confidence interval of parameter estimation
METHODS
Model development. Our group recently published a complete description of the multicompartment model of NO dynamics in the lung (41) , and only the salient features are repeated here. The model consists of a central airway compartment that branches into two peripheral airway compartments that empty into separate alveolar regions (Fig. 1A) . The airway regions have a trumpet-shaped geometry based on the anatomic measurements of Weibel (49) , where the total volume approximates generations 1-16 (ϳ175 ml). Hence, the linear dimension z of the model can be scaled for alternate total airway volume (Vaw) using (Vaw/175) 1/3 , with the constraint that the length-todiameter ratio at any position within the trumpet is held constant. The governing equation is an unsteady diffusion-convection equation that can be solved numerically where i ϭ 0, 1, or 2 for the three airway compartments. The remaining parameters are defined in the Glossary. For the lower airway compartments (i ϭ 1,2), the flow is given by
while the flow in the central compartment is the sum of the lower compartment flows
This structure allows for heterogeneous ventilation in the lower airway compartments, while a constant exhalation flow at the mouth is maintained, as demonstrated previously (41) . The model can be used to simulate heterogeneity in ventilation and NO production as a function of nine independent parameters: five NO production terms (J=aw NO,0, J=awNO,1, J=awNO,2, CANO,1, and CANO,2), three ventilation parameters (V 1,0, V 1,ϱ, and ), and one structural parameter (␣). The multicompartment model will be compared with the two-compartment model (Fig. 1B) , which has been previously presented in detail (10, 34, 43) and is characterized by a rigid single-path trumpet representing the proximal airways in series with an expansile distal airway/alveolar region.
Latin hypercube sampling. Latin hypercube sampling (LHS) is a numerical simulation technique similar to Monte Carlo, but it is computationally more efficient and, thus, better suited for analysis of a nonlinear model with multiple unknown parameters (22) . We previously utilized this method to characterize other models of gas exchange and NO dynamics (8, 40) . Each model input is assigned a central value based on the literature, as well as an uncertainty range. For this study, we utilized 100 consecutive model simulations to achieve greater statistical significance. Each model input was divided into 100 equally probable values, where the mean is the central value and the range (minimum and maximum value) is the central value plus or minus the uncertainty. Each model simulation utilized a random selection of the input parameters without replacement; thus, for each of the 100 simulations, the set of input parameters was unique.
The results of LHS can be used to determine a sensitivity index for each of the input parameters and allow identification of inputs that have the greatest impact on the model outputs. The sensitivity index of each parameter is the partial rank correlation coefficient (␤) and is defined by the following relationship
where Y is the value of the model output, is a constant, X is the value for the model input parameter, k is the simulation number, and i is the specific model output or input. (10, 44) .
Central values and uncertainty ranges for input parameters were estimated on the basis of the literature (Table 1) . Structural and ventilation parameters were bounded, such that the well-ventilated unit emptied early in expiration (lower resistance) relative to the poorly ventilated unit (24, 25) . These ventilation conditions produce a positive phase III slope for inert gas (e.g., N 2) washout simulations, as shown previously (41) . NO parameters were divided into two groups, low FENO,50 (Ͻ25 ppb) and high FENO,50 (Ͼ25 ppb), on the basis of the upper limit of normal for children (7) . The low-and high-FENO simulations utilized a total airway NO flux of 1 and 6 nl/s, respectively (13, 17, 27, 29, 37). Uncertainty for the NO flux was chosen, such that the simulations covered the entire range of possible NO production for low (0 -2 nl/s) and high (2-10 nl/s) cases. The central value for alveolar NO concentration was held constant at 6 ppb, with an uncertainty of 100%, to simulate the range of NO values reported in the literature (12, 13, 18, 19, (27) (28) (29) 37) .
Experimental exhaled NO in children with asthma. Twenty (13 male) children with mild asthma were enrolled in the study ( Table 2) . Each subject presented to the Children's Hospital of Orange County Breathmobile for an asthma evaluation. Criteria for the diagnosis of asthma included a previous history of recurrent coughing, wheezing, shortness of breath (at rest or after exercise), and symptomatic improvement following use of a short-acting bronchodilator. Patients were excluded from the study if they had any other heart or lung disease, smoked within the past 5 yr, or were treated with ICS for Ͻ8 wk. Short-and long-acting ␤ 2-agonists were withheld for 12 h before the study. Average age was 12 (range 7-17) yr, and average height was 148 (range 125-173) cm.
Skin prick tests were performed by the nurse and assessed by the physician. The skin prick test revealed atopy to common aeroallergens (cat, dog, feathers, cockroach, dust mites, mold, weeds, trees, and grasses), and the patient was considered atopic if skin prick test was positive for at least one antigen. ICS-naïve subjects (n ϭ 5) were those who received no oral corticosteroids or ICS within the last 8 wk and ICS-treated subjects (n ϭ 15) were those who were treated with prescribed ICS for Ն8 wk. Atopic status and ICS use for each individual are indicated in Tables 4 and 5 . In addition, asthma symptoms were quantified using the validated Asthma Control Test (ACT). The child version of the ACT is used for young (6-to 11-yr-old) children (20) , and the adult version is used for older (12-to 17-yr-old) children, as recommended (23) . An ACT score of Ն20 is indicative of good asthma control (see Tables 4 and 5) .
For exhaled NO, subjects performed constant-exhalation maneuvers at three flows (50, 100, and 200 ml/s) performed in triplicate according to guidelines established by the American Thoracic Society (ATS) and the European Respiratory Society (ERS) (1) . Subjects exhaled against a positive pressure to prevent nasal contamination. NO was measured by chemiluminescence (NIOX Flex, Aerocrine, Stockholm, Sweden). A criterion for eliminating a maneuver from the analysis was a coefficient of variation in the flow Ͼ5% over the analysis interval. Mean FE NO at 50, 100, and 200 ml/s was 33 (range 5-120), 19 (range 3-74), and 11 (range 2-40) ppb, respectively. Subjects then performed standard spirometry (WinDx Spirometer, Creative Biomedics International) following ATS criteria (2). Average FEV 1 (%predicted) was 109, with an FEV1/FVC of 88%. The protocol was approved by the Institutional Review Board of the University of California, Irvine.
Model fitting and confidence regions. The model-governing equations were discretized, and a nonlinear least-squares fitting routine was utilized to approximate the model input values needed to achieve a best fit with the subject's exhaled NO profiles. Exhaled NO profiles are plotted as NO concentration (ppb) vs. total exhaled volume normalized by an estimate of the subject's airway volume; thus the x-axis represents airway volume turnover (10) . Airway volume was estimated from the subject's height using the correlations presented by Kerr (16). The Weibel geometry was then scaled to each subject by jap.physiology.org the ratio of the subject's estimated airway volume to the Weibel airway volume. The plateau region of each of the subject's exhalations (3 flows) was fit simultaneously to the multicompartment model or the two-compartment model using nonlinear least-squares fitting to minimize the sum of squares of the error. Dispersion in the sampling tube was accounted for with convolution integrals of the model output using methods previously established (4, 11) . In the multicompartment model fitting algorithm, the input parameters determined to be statistically insignificant on model outputs from the LHS simulations were set to their central values. Two-compartment model fits were achieved with the same algorithm used for the multicompartment model. For both models, the 95% confidence regions (Y LS) for the estimated parameters were determined from
where is the estimated true value from the least-squares fit of the data, F1Ϫa is the F-statistic for the number of parameters (p) and the number of data points used (n), and P is the estimated covariance matrix (6, 44) . The statistics toolbox in MATLAB was utilized to solve Eq. 5 for the confidence intervals in each simulation.
RESULTS
LHS.
Separate LHS simulations were performed for lowand high-FE NO conditions. The low-FE NO simulations (central value for J=aw NO ϭ 1 nl/s) produced a mean FE NO,50 ϭ 19 ppb, whereas the high-FE NO simulations (central value for J=aw NO ϭ 6 nl/s) produced a mean FE NO,50 ϭ 85 ppb. Partial rank correlation coefficients and 95% confidence intervals for low-and high-FE NO cases are presented in Table 3 . Major findings include a strong positive correlation and small confidence interval (range 3-13%) for all five NO production terms on the mean exhaled NO concentration. As expected, the alveolar NO concentrations had a larger (and of equal magnitude to the central airway compartment) impact on mean exhaled NO for low-FE NO simulations, while airway NO flux had the highest impact on mean exhaled NO for high-FE NO simulations. The phase III NO slope correlated positively to alveolar NO in the defect region (region 2) and negatively with alveolar NO in the wellventilated region (region 1) for low-and high-FE NO conditions. Additionally, at high FE NO , the phase III slope correlated positively to airway NO flux in the defect region and negatively to airway NO flux in the well-ventilated region. Central airway NO flux had no impact on the phase III slope.
Ventilation parameters did not correlate with mean exhaled NO concentration for low or high FE NO , with the exception of a weak dependence on ␣. For low FE NO , ventilation parameters did not correlate with the phase III slope; for high FE NO , there was a weak dependence of the slope on V 1,0 and . Relative to the magnitude of the NO production terms (range of absolute values 0.12-0.58, and 80% of the cases significantly different from zero), ventilation and structural parameters were essentially insignificant (range of absolute values 0.04 -0.22, and 25% of the cases significantly different from zero) in determining the shape of the exhaled NO profiles. Furthermore, in no case did a ventilation parameter impact the concentration and the phase III slope for low or high FE NO . For this reason, the ventilation and structural parameters were set to their central values and held constant during parameter estimation.
Model fitting. No exhalation profiles were eliminated as a result of variability in the flow over the analysis interval. Representative NO profiles are presented in Fig. 2 . FE NO is elevated in subject 6 relative to healthy subjects, with an average (of the 3 flows) normalized phase III NO slope of Ϫ1.4% (Fig. 2A) ; FE NO is elevated in subject 10, with a more negative phase III slope of Ϫ2.2% (Fig. 2B) . FE NO is low in subject 12, with an average normalized phase III slope of 0.2% (Fig. 2C) , FE NO is low in subject 18, with a more negative phase III slope of Ϫ2.7% (Fig. 2D) . The average exhaled NO concentration at each flow is plotted as a function of exhaled volume normalized by the subject's airway volume. For modelfitting purposes, the early portion of each exhalation was excluded from analysis because of instrumentation limitations. Briefly, each exhalation initially starts at a higher flow than desired and is followed by a short response time for the system to achieve a steady flow. This affects the initial portion of the exhaled profile, causing the concentration of NO to be lower than if the maneuver was performed at the targeted constant flow. We previously described this artifact in children in detail (30) : from the start of exhalation to approximately exhaled airway turnover volumes of 4, 5, and 6 for flows of 50, 100, and 200 ml/s, respectively; thus those regions were not included in the model fitting. The criterion for selecting the true start of the exhalation profile was based on a zero rate of change in the flow with exhalation volume. The end of the plateau region was chosen as the point at which the flow decreased to Ͼ10% of target flow. A nonlinear least-squares fitting algorithm was utilized to approximate NO exchange parameters for the 20 subjects, with the ventilation parameters held constant at their central values, while the five NO parameters were simultaneously fit to the three exhalation curves. Each subject was fit to the twocompartment model and the multicompartment model; best-fit curves are presented in Fig. 2 . Table 4 summarizes the NO parameter approximation of the two models for the 11 high-FE NO subjects, and Table 5 summarizes the parameter estimation for the 9 low-FE NO subjects. Tables 4 and 5 are sorted (high to low) by the average of the normalized phase III slope for each exhalation maneuver.
In general, the confidence intervals are smaller for the two-compartment model. The two-compartment model is able to predict J=aw NO and CA NO with a confidence interval of Ͻ5% and Ͻ50%, respectively, with the exception of the near-zero alveolar concentrations in subjects 4, 6, and 7. For high-FE NO cases (Table 4 ), the addition of three parameters in the multicompartment model increases the confidence interval of all parameter estimations, with slightly less than half (25 of 55 or 45%) of the parameters having a confidence interval Ͻ100%. Each subject in the high-NO category had statistically significant model predictions for J=aw NO,1 , with the exception of subject 4. Of the 11 subjects with high NO, 6 had accurate predictions of J=aw NO,0 and 7 had statistically significant estimations of CA NO,1 . Of the 11 high-FE NO cases, 9 were atopic, 3 were ICS naïve, 10 had a negative phase III slope, the average ACT score was 20.5, and the mean age was 11.8 (range 7-16) yr.
Low-FE NO cases (Table 5 ) had a slightly smaller rate of model parameter estimates with confidence intervals of Ͻ100% (17 of 45, or 38%). For the low-FE NO cases, all subjects had statistically significant predictions for CA NO,1 , with the exception of subject 20, and two of the nine subjects had significant predictions for CA NO, 2 . Six of the subjects had significant predictions for J=aw NO,1 , and only one of the subjects had significant predictions for J=aw NO,0 . The multicompartment model was able to identify at least one airway flux or distal airway/alveolar NO concentration in all 20 of the asthmatic subjects, regardless of the shape of the NO profile. Of the nine low-FE NO cases, five were atopic, two were ICS naïve, and eight had a negative phase III slope, the average ACT score was 18.9, and the mean age was 11.7 (range 8 -17) yr.
Model comparison. The predicted total airway flux and average alveolar concentrations of the two-compartment model are compared with those of the multicompartment model in Fig. 3, A and B . Total airway flux (J=aw NO ) in the multicompartment model is the sum of the fluxes in each of the three branches, and the average alveolar concentration (CA NO ) is a volume-weighted mean of the two alveolar concentrations (41) . J=aw NO can be different in the multicompartment model and two-compartment model estimations; however, the differences are small and are not statistically (paired t-test, P Ͼ 0.05) different. CA NO is more variable between models, with some subjects exhibiting as much as a fivefold difference between the two model predictions. Nonetheless, there is no systematic bias, and the average CA NO across all subjects was not statistically (paired t-test, P Ͼ 0.05) different between the two models. Figure 3C is a plot of the percent improvement in RSS between the two-compartment model and the multicompartment model as a function of average normalized phase III slope of NO. In every subject, the multicompartment model achieves a better fit to the data than the two-compartment model, ranging from 1.5% to 65% improvement, with an average improvement of 22%. The phase III slope of NO correlated negatively with percent improvement of RSS.
DISCUSSION
Our previous work presented the multicompartment model of NO exchange and demonstrated the importance of ventilation heterogeneity in describing features of the NO profile that cannot be accounted for with a single-path model, such as a sloping phase III region (41) . The present study investigated the potential to identify the parameter space in the more advanced multicompartment model over a range of experimentally observed exhaled NO trends (high and low FE NO , flat and sloping phase III) in children with mild asthma. The inclusion of parallel heterogeneity in ventilation and NO sources in the model allows for a nonzero slope in the exhaled NO concentration; however, variation in the magnitude of the parameters that characterize ventilation heterogeneity has little impact on the shape of the exhaled NO profile, whereas parameters describing the NO sources have a significant impact. Success in identifying the airway NO fluxes and distal airway/alveolar concentrations depends on the specific trend in the experimental exhaled NO profile. The multicompartment model may be particularly useful in identifying parallel heterogeneity (i.e., regional differences) in airway NO flux and distal airway/ alveolar NO concentration in subjects with a significant phase III slope, which is not considered in ERS/ATS guidelines.
Phase III slope. Previous work from our group has shown that, in healthy patients, the phase III slope is statistically negative on average (43) , as observed in the large majority (90%) of the children with mild asthma in the present study. Incorporation of parallel heterogeneities in ventilation and NO sources into the model creates a phase III slope. The magnitude of the phase III slope is controlled by a balance between the magnitude of NO production in the well-ventilated regions and the poorly ventilated regions. From LHS analysis, the phase III slope correlated posi- tively with NO in the poorly ventilated region and negatively with NO in the well-ventilated region. This is easy to understand, inasmuch as air from the well-ventilated region (compartment or region 1 in the model) dominates the exhalate early in exhalation; hence, if the NO source in airway compartment 1 or alveolar region 1 is larger than that in the corresponding compartment 2, a negative phase III slope results. In other words, the multicompartment model predicts that a greater amount of NO arises from well-ventilated regions of the lung in most children with mild asthma. Although there are certainly patients with a positive phase III slope (41), our results suggest that a ventilation defect in a child with mild asthma is associated with decreased NO production in the same region. One possible explanation for this observation is that an increased NO production serves to relax the smooth muscle by the well-characterized cGMP-dependent mechanism (9) and, thus, acts as an endogenous bronchodilator. Bronchodilation would lead to enhanced ventilation in regions of increased NO production. Venegas et al. (46) recently demonstrated that, even in a uniform airway tree model, a small perturbation in the smooth muscle is enough to cause dramatic ventilation inhomogeneities. In other words, a small perturbation in smooth muscle tone from enhanced NO production could lead to significant changes in ventilation heterogeneity.
The multicompartment model presents only one mechanism for a negative phase III NO slope. As a subject expires from total lung capacity to functional residual capacity, the airway volume (generations 0 -16) decreases. The decrease is small compared with the volume change in the distal compartments (generations 17-23) but may impact NO exchange dynamics. For example, during the course of an exhalation, the dynamic reduction in airway volume may decrease the surface area, emitting NO to the gas phase, leading to a decrease in exhaled NO with exhaled volume (i.e., a negative phase III slope). However, one might predict this effect to be mitigated by a reduced cross-sectional area for axial diffusion of NO (rate of axial diffusion is proportional to the cross-sectional area by Fick's first law of diffusion) and, thus, less NO lost to the alveolar region by "backdiffusion" (15, 32, 47, 48) . Less NO lost to axial diffusion as exhalation proceeds would tend to create a positive phase III slope.
Serial heterogeneity in NO production and consumption within a distributed alveolar region (31) could also impact the phase III slope. For example, a progressively increasing density of alveoli in generations 17-23 (49) (rather than the current well-mixed compartment) could cause an axial gradient in NO consumption in these regions from low consumption (generation 17) to high consumption (generation 23), leading to a negative phase III slope. However, the increasing density of alveoli would also lead to an increase in NO production and a positive phase III slope, thus offsetting the impact of consumption.
Model identification: multicompartment model vs. two-compartment model. In our 20 children with mild asthma, the multicompartment model was able to identify one to three of the five NO parameters (average ϳ40%, or 2 of the 5). This is the same number of free parameters in the two-compartment model. However, because most subjects had a negative phase III slope, the multicompartment model predicted a regional imbalance in NO production weighted toward one or more of the airway compartments, the alveolar compartments, or both. In all but two subjects (subjects 1 and 12), the imbalance was weighted toward the well-ventilated region, as would be predicted by a negative phase III slope. For subjects 1 and 12, the average phase III slope was flat or slightly positive. Both were treated with ICS and were atopic; the two-compartment and multicompartment models predicted an elevated level of distal NO in both subjects.
Parameter estimation in the multicompartment model can potentially be improved with additional NO data collected from each subject. This study utilized exhaled NO at multiple flows, similar to previous studies utilizing the two-compartment model (10, 43, 47) . However, addition of three additional model parameters to describe the same data set accounts for the increase in confidence intervals. This effect could be minimized with additional or a wider range of maneuvers (e.g., breath hold) or exhalation flows (33, 44) . For example, at 50 ml/s, the exhaled NO signal is primarily due to the airway regions, and thus a positive or negative slope at low flows can be modeled by increased NO in one of the airway compartments. As the flow is increased, the alveolar region accounts for a higher percentage of the exhaled signal, and thus the phase III slope at higher flows can be modeled with increased NO in one of the distal airway/alveolar regions. When subject 10 is used as an example (Fig. 2B) , the phase III slope at 50 ml/s is highly negative, but it is significantly less negative at the higher flows. These features are accounted for with an elevated NO production in the well-ventilated airway region and alveolar region relative to the poorly ventilated regions. On the other hand, subject 12 (Fig. 2C) has a relatively flat slope at every flow; the parameter estimation places equivalent levels of NO in every airway compartment, none of which are statistically significant. In this case, no more information is provided by the multicompartment model than by the two-compartment model. Thus the choice of exhalation flows and maneuvers may not only improve the confidence intervals of parameter estimates, but the optimal choice may depend on the subject.
Regional elevation in NO production. The critical feature of the multicompartment model is its ability to distinguish a region of increased NO production, which may reflect increased inflammation in a disease such as asthma. Although standards for techniques and cut points for the upper limit of normal have not been established, several examples in our limited study of 20 children with mild asthma are worth discussion. Of particular interest is the alveolar concentration, which has been associated with enhanced symptoms (13, 18, 19) . For the high-FE NO cases, subjects 4, 5, and 9 had CA NO values of 0.1, 1.3, and 0.9 ppb predicted by the two-compartment model, but CA NO,1 as predicted by the multicompartment model was 3.8, 6.7, and 4.3 ppb. Although not as dramatic, a similar trend can be observed in two of the low-FE NO subjects (subjects 14 and 15), in which CA NO from the two-compartment model was 1.1 and 1.2 ppb and CA NO,1 from the multicompartment model increased to 2.4 and 2.9 ppb. Thus the multicompartment model may have utility in indentifying an elevated regional alveolar concentration of NO that cannot be detected by the two-compartment model.
Conclusions. The multicompartment model of NO exchange incorporates parallel heterogeneity in ventilation and NO production and, thus, can predict a sloping phase III in the NO exhalation profile, a situation that occurs in the large majority of children with mild asthma but cannot be simulated with the single-path two-compartment model and is not considered in ATS/ERS guidelines. The added complexity increases the number of free parameters in the model from two to nine; however, our sensitivity analysis predicts that only five parameters describing NO sources are critical in characterizing the NO exhalation profile. Furthermore, when the model is applied to the same set of data as the two-compartment model, ϳ40% (2 of 5) of the free parameters of the multicompartment model can be accurately determined, the same number of free parameters in the two-compartment model. To simulate the negative phase III slope, the multicompartment model predicts a parallel imbalance in NO production weighted toward the well-ventilated large airway and small airway/alveolar regions. Hence, the multicompartment model may alter the definition and interpretation of elevated NO production in the lungs. Future studies must examine larger and more diverse populations of children and adults with asthma and other inflammatory lung diseases and explore additional exhalation flows and breathing maneuvers to further define the utility of the multicompartment model.
